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Results of a thermodynamic investigation of a ipbrea th ing  

jet  engines in the  Mach 5 - 50 range are described. &pres- 

sions are given f o r  t h e  thrust  c r i te r ion  of an a ipbrea th ing  

j e t  and it i s  shown tha t  i f  h e a t  and an additional mass a re  

delivered t o  t h e  airflow in this engine it can develop a 

posi t ive thrust  at space f l igh t  velocit ies.  

heat input i s  established with respect t o  engine thrust .  

It i s  shown tha t  t he  mass e e v d l e n t  of heat decreases with 

increasing f l i g h t  velocity. 

specific impulse of an air-breathing jet with various types 

of diffusers a t  space f l i g h t  ve loc i t ies  are given. 

Equivalence of 

The calculated values of t he  

1. Introduction 

The theory of air-breathing j e t s  was developed more than 30 years ago 

( B i b l J ) ,  and ideas were expressed concerning t h e i r  use i n  aviation and f o r  ac- 

celeration of space rockets wfiile moving through the atmosphere (Bibl.2). 

then a number of fundamatal works (Bibl.3 - 5 )  have been devoted t o  varied 

theore t ica l  and experimental investigations of various types of a ipbrea th ing  

j e t  er,gines. 

acceleration of space rockets and the  limits of f l i g h t  ve loc i t ies  up to  which 

such j e t s  can operate have been discussed i n  recent years in the  world's scien- 

Since 

The problem of the efficiency of use of air-breathing j e t s  f o r  

9 h n b e r s  i n  the margin indicate  pagination i n  the  or ig ina l  foreign text. 



t i f i c  l i t e r a t u r e  (Sb1.6 - 12). 

The opinion has been repeatedly expressed in the literature tha t  ai- 

breathing j e t s  can operate only up t o  comparatively l o w  supersonic veloci t ies  

corresponding t o  14 = 5 - 6, and t h a t  above this l i m i t  they cannot be used f o r  

various reasons. It has been hypothesized that, apart  f r o m  the  design diffi- 

culties involved i n  developing air-breathing j e t s  f o r  high sqe r son ic  veloci- 

ties, f r o m  t h e  theore t ica l  point of v i e w  the  ail.-breathing je t  generally nd+ 

generates" beyond t h e  indicated velocity l i m i t .  

X r e c t l y  opposite, ra ther  o p t h i s t i c ,  opinions have a l s o  been expressed 

concerning the  efficiency of ail.-breathing Je t s  a t  high, so-called hypersonic 

velocit ies.  

The purpose of the  present paper i s  to  give the general c r i t e r i a  f o r  _evalu- 

a t ing  t h e  performance of aipbreathing jets, i.e., t o  establ ish the thrus t  

c r i t e r i a  f o r  these j e t  engines which would make it possible t o  e l i c i t ,  without 

performing gasamamic calculations, the capacity of the engine t o  develop posi- 

t i v e  thrus t  at  predetermined start ir-g parameters. 

we Will take: f l i g h t  velocity, quantities of delivered heat and mass, efficiency 

of air compression characterized by the e f f i c i emy  of the  d i f fuser  o r  i t s  pres- 

sure coefficient.  

A s  t he  s t a r t i ng  parameters 

As i s  known, the  th rus t  of aircbreathing j e t  i s  expressed by the /160 

e quat ion: 

where TnTx- and V, are respectively f l i g h t  velocity and the  r e l a t ive  gas discharge 

V. TT-  nel=e &id heaczfoi-th the iz6sxes r t ~ * t ,  felt, 2nd t+.*t denote t.hp parm&.eps , --.A 

of the gas-air flow respectively i n  the undisturbed s t a t e  i n  f ront  of the  
engine, a t  the  end of the  diffuser, at the  end of the combustion chamber, and 
at the  nozzle exit. 
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velocit,Jr frozri the  motor nozzle; LL = 1 + d is the coefficien5 of the  increase i n  

mass of the  gas i n  t h e  engine; 6 i s  %he quantity of f u e l  o r  other substarxes cle- 

l ivered from onboard tanks pe r  kilogram of air passing through the  engine; pu i s  

the  density of the  undisturbed air; S,, i s  the area of t h e  air stream e n t e r h g  

t h e  j e t  engine. 

Since t h e  area and the  ram pressure are essent ia l ly  pos i t ive  values, the 

problem of the  capabi l i ty  of t he  eEgine t o  develop a pos i t i ve  thrust i s  wholly 

determined by the sign of t h e  th rus t  coefficient 

I "herefore, as t h e  th rus t  c r i te r ion  w e  can take the  inequality 

The operation of the  a ipb rea tk ing  je t  was investigated under the  following 

assmptions: 

t o  the Clapeymn and Nayer equations; b) t h e  spec i f ic  heat r a t i o  i s  constant; 

e )  the  gas parameters are constant throughout t he  cross section; d) gas expan- 

sion i n  the  nozzle i s  complete (i..e., the relationship pn = pu exists between 

t h e  pressures);  e) t h e  gas ve loc i t i e s  a t  t h e  end of t h e  d i f fuser  and i n  the  

combustion chamber a re  negligible;  f) the  gas pressure at t h e  end of the com- 

bustion chamber i s  equal t o  t h e  pressure at the  end of t he  d i f fuser  (pa = po); 

g)  dissociat ion i s  absent. 

a) The air and the combustion products are i d e a l  gases conforming 

To show more c lear ly  t h e  laws governing t he  thrust of an air-breathing j e t ,  

we w i l l  examine i n  sequence two cases: 1) aq a i p b r e a t h h g  j e t  with mechanical 

en erg-^ axi fiest, t ~ z s f e r  &I:! I?Z E--ss t . r amfe~  (heating of air -&thout delivery 

of fue l )  and 2) a j e t  with mechanical energy, heat, and mass t ransfer .  

3 



I 
I .  

2. losses of XechaDical Enerm i n  the  Air-Breathina Je t  Diffuser 

A s  air moves along the  duct of the air-breathing jet, i r revers ib le  losses 

of mechanical energy take place, whose magnitude increases with increasing 

f l i g h t  velocity. 

a ipb rea th ing  jet at space f l i g h t  veloci t ies  we must first define the  magnitude 

of these losses.  

Therefore, when solving the  problem of the performance of an 

I n  the  duct of a ramjet type of air-breathing je t  engine t h e  greatest  porc 

t i on  of the  i r revers ib le  losses of mechanical energy, as i s  known, f a l l s  to  the 

diffuser.  

along the  combustion chamber walls a n d  nozzle a re  a t  least one order of mgni- 

tude less than the losses accompanying the  air compression process; thus, special  

a t ten t ion  should be paid to d e t e d n i n g  t h e  mechanical energy losses  i n  the 

diffuser.  

The energy losses  as a consequence of f r i c t i o n  of the  gas as i t  flows 

The efficiency of air compression (efficiency of t he  diffuser)  can be 

represented i n  the form 

where 3 i s  the  gas constant, T temperature, and g acceleration of gravity. 

Using this equality and bearing in mind the assumption made (p, = h, 

pe = pd), we Will express the t h e 4  efficiency of the  Brayton cycle described 

by the gas in the  duct of the  air-breathing j e t  engine in terms of the d i f fuser  

/161 

efficiency-': 

+: For footnote see following page. 



The rnechmfical energy losses  d w h g  gas expansion i n  the  nozzle can be 

characterized by the  nozzle efficiency: 

- -- . * 

Xith these assmptions,  e q ~ ~ ( 2 . 1 )  and (2 .3 )  will y ie ld  t h e  fo lkwing  ex- 

. pression: 

To define the e f f ec t  of the d i f f z s e r  efficiency on t h e  performance of t h e  

&>breathing j e t  engine and t o  es tabl ish the  fundamental l a w s  governing the  

operation of the engine at  space f l i gh t  veloci t ies ,  we Will determine the losses  

of k ine t i c  energy in the  diffuser .  k ine t ic  energy losses  i n  the diffuser,  

we mean the  difference i n  t h e  values of t he  k ine t ic  energy of  the  air f low enterc  

ing  t h e  d i f fuser  and of t h e  air i s s u i n g  from the d i f fuser  through an i d e a l  

cozzle, with expansion t o  atmospheric pressure AI3 =(e - E) : 2g. We will 

r e fe r  t he  value of these losses  t o  the  k ine t ic  energy of an mdisturbed flow: 

9 

I n  the  l i t e r a tu re ,  t he  d i f fuser  i s  o f ten  characterized by t h e  pressure co- 

e f f i c i en t ,  which i s  the  r a t i o  of t he  air pressure a t  the  end of the  d i f fuser  

(assuming complete stagnation) t o  t h e  pressl-zre of an idea l ly  stagnated incident  

flow 

It i s  easy t o  es tab l i sh  the dependence of CT = a(T,) and 7 ,  = Tla(o): 

9: I n  determining the  efficiency of t he  Brayton cycle, t he  pressure drop i n  the 
d i f fuser  and the  t q e r a t u r e  drop of t h e  gas at  the end of t h e  d i f fuser  and a t  
the  end of t he  combustion chamber were ‘&ken as the  s t a r t i ng  quantit ies.  

5 



and 

Substi tuting eq.(2.7) i n t o  eqo(2.5), we find 

From e q ~ ~ ( 2 . 5 )  and (2 .8 )  we can establ ish the  cor re la t ion  of 

The qua l i ta t ive  p ic ture  of t h e  dependence of the quant i t ies  hF: and E on 
t h e  Kach number of an incident  f l o w  i s  given by t h e  curves in Fig.1, which were 

r.- n- 

RAE kul /ka 

plo t ted  f o r  various values of t h e  pressure coeff ic ient  of t h e  duct. 

estl.abli&!ng a correspondence between the quant i t ies  I: and Vu,  t h e  temperature 

of the  ambient air was taken as equal t o  Tn = 216.66'K, which corresponds t o  

(When 
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a l t i t udes  of 11 - 25, km and 70.7 lano) 

A s  i s  generally known, no experimental data on the operation of air scoops 

a t  space f l i g h t  veloci t ies  are available a t  present. 

rec t ly  t h e  investigation being carried out, we found it advisable to asme 

certairL numerical values of the  ai-intake pressure coefficients. 

t he  parameters of the  &l.-breathing 3et engine were analyzed f o r  four different  

scoops. 

cer ta in  concepts of future  poten t ia l i t i es  of use, we examhed three other air- 

scoops f o r  which, at E 2 10, the fol-loxLng values of the pressure coefficient 

were taken: 0, = 2 q ,  0, = lOal and 0, = 3031 

However, t o  define COP 

Therefore, 

A s  the  lower limit we took a normal-shock intake (ol)*. To compare 

An analysis of t he  curves i n  Fig.1permit-s the following conclusions: 

absolute value of the  kinet ic  energy losses i n  the duct of the &*breathing jet  

engine increases monot0nicaU.y with an increase of the Yach number of the inci- 

dent a i r f l o w ;  the r e l a t ive  value of t h e  kinet ic  energy losses  has  an extreme, 

a f t e r  passing of which the value decreases with increasing Kach number, despite 

the extremely marked decrease of the pressure coefficient.  

The 

3-  & h e  with Suuply of Heat 

I n  order f o r  an &>breathing jet t o  develop thrust ,  i t  i s  necessary t o  

supply energy t o  t h e  airflow passing through i t s  duct so as t o  completely cum- 

pensate t h e  losses and t o  ensure that t h e  kinet ic  energy of the  flow i n  the  

nozzle exit will exceed the kinet ic  e n e r a  of t h e  a i r f l o w  entering t h e  engine. 

The gain i n  kinet ic  energy of t he  airflow as it passes through the  d p b r e a t h h g  

2$ &, a rC,Ed.  s h k ,  the =resl?r~? dmp of the air in t.he dj.ffi iser was a rb i t r a r i l y  
assumed as equal t o  rfd = 166.923 1?/[7 - 1fi2F . 
the  specif ic  heat of the  air, with respect t o  the estimate made by t h e  author 
f o r  15: = 5 - 30, increases the  value of the  drop by not more than 5%. 

Allowance f o r  the change i n  
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je t  i s  equivalent t o  the development of thrust i n  the  case of equality of t h e  

entering and discharging air masses. 

moves along the  duct of t h e  engine, as w i l l  be shown below, the  generation of 

t h rus t  is possible a t  a constant, and even a t  a reduced, vaiue 02 t he  k ine t ic  

energy of t h e  gas f low.  

?hen the  mass of t he  gas increases as it 

- 

Fig.2 Fig .3 

If heat i s  supplied t o  the  airflow passing through the  engine while /163 
maintaining i t s  mass constant, e q ~ ~ ( 2 . 4 )  and (2.1) W i l l  furnish 

The cr i te r ion  of th rus t  development i s  represented by the  expression 

which shows that ,  at  la rge  values of t h e  Each number, t he  influence of t he  

quantity T, on t h e  required ratio of heated-gas temperature t o  atmospheric air 

diminishes. 

Fmm the inequality (3.2) we eas i ly  f i n d  the c r i t e r i a l  dependeme, ex- 

pressed in terms of t h e  quantity of heat delivered per  kilogram of air. 

Since T,/T,, = 1 + (k - 1/2)X2 + Q/cp T,, , we have 

8 



Sett ing 7 ,  = 1, 0 we obtain 

(3.3) 

This expression represents the thrus t  c r i t e r ion  of a ramjet, expressed i n  

terns of three basic quantit ies:  enthalpy of t h e  air characterizing t h e  external  

envirorment; quantity of energy delivered to  the  air in the  combustion chamber, 

and diffuser  efficiency. 

of the inequal i ty  (3.4) on t h e  Each nmber, f o r  various types of diffusers  and 

f o r  two values of the  quantity Q (i, = 51.74 kcal/kg). 

Figure 2 shows the  dependence of t h e  left-hand s ide  

For convenience of p r a c t i c a l  application of t h e  obtained cr i te r ion  t o  vari- 

ous calculations,  we will write  i t  i n  several  forms. 

To determine the  value of Q a t  which the  engine th rus t  P > C, t h e  th rus t  

c r i t e r i o n  can be presented i n  t h e  form 

6 

Figure 3 shows the dependence of the c r i t e r ion  5 on the  ?tach number f o r  /164- 
several  types of airscoops. 

The curves i n  Fig.3 p e d t  establishing the  Nach number a t  which the  ai+ 

breathing j e t ,  working with a predetermined delivery of heat (Q) and having a 

specified a3.r intake (a), ceases to  develop a pos i t i ve  thrust .  

out t ha t  the  limit of p rac t i ca l  use of the  engine i s  located a t  appreciably 

lower Ifach numbers than the  limit of zero thrus t .  

Ne should point  

. 

It i s  a l so  possible t o  state t h e  plroblm i n  a d i f fe ren t  form: Let us de- 

termine the lower linit of the  values of In_ wf?ich satisfg the  condition P > 0 

a t  a given value of Q. In  this case, the th rus t  c r i t e r ion  should be writ ten as 

9 



If t h e  value of CT i s  given but not t ha t  of 7 j b ,  then the c r i t i c a l  expressions 

can be transformed, on the basis  of ep.(3.4) and (2.7), i n  the following 

m e r :  

The thrust  c r i te r ion  of an air-breathing je t  can be represented in two 

other forms if we express it in terms of absolzte f l i g h t  velocity o r  enthalpy 

of the a i r f l d :  

and 

and 

Analogously, f r o m  the  inequal i t ies  (3.5) and ( 3 . 6 )  we can obtain 

(3.9) 

* 'The as te r i sk  denotes parameters of an isentropical ly  stagnated flow. 

10 



'?&e resul tant  expressions f o r  the  thrust c r i te r ion  are v a l i d  r o t  only 

f o r  ramjets but also for &*breathing jets of other types ( fo r  example, turbo- 

ramjets and turbojets)  provided t h a t  we extend the  concept of the  pressure co- 

er 'f iciem, understanding it as tne  ra t io  of tne gas pressure ahead of the nozzie 

t o  the  pressure of an ideally stagnated airflow ahead of the  engine. 

/l65 

~ 4. Ennine with Smpl.. of Heat and Nass 

Let us find the expression of the thrus t  cr i ter ion,  f o r  the case h e r e  some 

mass i s  sqpl ie 'd  t o  the airflow passing through the ergine. A s  

supplied we can use i n e r t  substances, fuel, oxi3izer, and t h e i r  

Lions. 

In  this case, the thrus t  c r i te r ion  takes the form 

Since u i c  = id + 6 i ,  + Q, then, having designated (& = Q + 

the  enthalpy of t he  supplied mass), we obtain: 

Consequently, i 

Hence 

or, se t t ing  7 ,  = 1, 0, 

the  mass being 

various combina- 



. 

An a n a l p i s  of the thrus t  cr i ter ion of an e p b r e a t h i n g  j e t  shows tha t  t h e  

grea te r  t h e  f l i g h t  velocity, t he  greater will be the  e f fec t  f r o m  t h e  addition of 

an a m i l i a v  mass t o  the j e t  engine. 

. and 

L e t  us examine the case + = 0. From the inequality (4 .3 ) ,  w e  can obtain 
/I66 _- 

(4.7) 

which i s  the confit ion of thrust  development, without supply of heat. 

Remembering eq.(2.7), t he  inequality (4.7) W i l l  a lso  y ie ld  the  following 

exp re ssion : 

Hence, using eq.(2.8) we can a l s o  establ ish 

,L 

Equation (4.10) shows the  quantity of mass t h a t  must be added to the  duct 

12 



of a '*cold1* a ipb rea th ing  j e t  ((& - = 0 )  t o  compensate t3e 'kinetic enerm losses  

(Fig.4). Any noticeable mechanical energy losses  during mixing of the  addi t ional  

mass with the air can be taken i n t o  account by the  values of v& o r  0. 

The noted hw penzit  fom&ti r~g  t h e  followkig i hwra  on the e&valermce 

of addi t iona l  masses and addi t ional  energy from the  point  of view of thrust 

production . 
"The mass delivered t o  an airf lowpassing through an &*breathing jet  

eEgine is equivalent t o  the  added heat, and when the  r e l a t ive  values of added 

mass and heat are equal the  engine w 5 l l  develop a uniform thrust." 

Actually, i f  we first assume i n  eq.(k.3) % = C and then 6 = 0 and i f  we 

then equate both values of t he  cr i ter ion,  bearing i n  mind that t h e  equality of 

t h e  quant i t ies  of t h e  c r i t e r ion  indicates  equality of t h e  th rus t  magnitudes, we 

obtain 

With an increase i n  f l i g h t  velocity, the  magnitude of the  equivalent ad&- 

t iona lmass ,  i.e., the mass ensurirlg the development of t h e  same th rus t  as at 

supply of unit heat, decreases continually. 

The equivalence coef f ic ien t  i s  a monotonical~v decreasing function of the  

Kach number 

For example, f o r  K = 4 a heat input amounting t o  one la rge  ca lo r i e  pe r  

kilogram of air i s  equivalent t o  the  de l ivery  of  about 5 X 

i n e r t  mass per  kilogram of air. 

drops a p p m f i a t e l y  t o  and, f o r  E = 30, t o  

kilogram of an 

For 1.1 = 10, the value of t he  equivalent mass 



The th rus t  c r i t e r ion  of an airQreathing Jet engine expressed by eq.(4.3> 

permits d e t e d n i n g  t h e  ~~ value of  t h e  heat input a t  which the engine /167 
begins t o  develop a pos i t ive  thrus t  at a giver? d u e  of t he  mass f l o w  rate 6. 

Toward t ~ s  end, let us soive e q ~ ~ ( 4 . 3  ana (4.4-j r e i a t ive  t o  tine quantity Qr 
- 

and 

Figure 5 shows the  resfits of c a l c u l a t i n g  tine m t i n g  vaIue of f o r  
- 4 f m  

varioas f l o w  rates ( f o r  01 ). 

. .- 

Fig .I+ Fig. 5 

Analogous t o  e q ~ ~ ( 3 . 6 )  and (3.13), we can f i n d  the  limiting values of the  

or cr at which t h e  condition P > 0 is  s a t i s f i e d  for given values quant i t ies  

- of & and Pi. From eq.(&.3) we f ind  

and, from eq.(k.&) 

U 3  



As shown i n  Fig.6, at 6 = 0 fo r  X 2 21 t he  required value of t he  coeffi- 

c ien t  ol im exceeds the  value of 0 f o r  a normal shock and, unless diffusers  with 

a higher pressure coeff ic ient  are developed, t he  air-breathing jet  w i l l  not be 

able to develop pos i t ive  thrust ,  At 6 > 0, t h e  ai-breathing je t  can m ~ k  w i t h  

ari air in take  pressure coeff ic ient  even lower tvhan in t h e  case of a n o d  

shock. 

- 

5. SDecific h u l s e  of &ace ;Plight Ail.-Breathing Jet W i n e s  

A l og ica l  question i s  tha t  concerning the  lncrease i n  mass rate of flow. 

The solut ion of this problem is  affected by t h e  following three factors: re- 

quired value of absolute engine thrust, l imit ing value of permissible gas /168 

temperature in t h e  combustion chamber, and dependence of t he  spec i f ic  impulse 

on the  mass rate of flow. 

6t im 
I 

Fig.6 Fig.? 

The inequal i t ies  (4 .3)  - (4.6) show tha t  t h e  th rus t  of an a ipb rea th ing  

Set increases without limit with an increase i n  mass flow rate. 

perature  Tg monotonically decreases with an increase in the  amount of mass 

supplied to  the  air f low (F’ig.7). Thus, t he  first two of t he  three above f ac to r s  

The gas tem- 



. 
. 

improve with an increase in mass flow rate,  

r a t e  a f f ec t s  the specif ic  impulse must be determined next. 

r a t e  does the specif ic  impulse reach a m  value? 

The manner i n  which the mass flow 

A t  what mass flow 

The value of the  specif ic  impulse can be caicuiated from t'ne fonmila 

Ehpressing the  gas discharge velocity i n  the form of 

we obtain 

where a, is the speed of sound in an undisturbed flow. 

To determine the extreme value of t h e  function I = I(&), we W i l l  analyze 

its first derivative 

and obtain 

df 
db 
-= (5 .3)  

/16q 

(5.4) 
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p d s e  only a t  certain values of the Kach number corresponding 

This inequality permits finding the velocity above which 

t o  the  con.dition: 

( 5 . 5 )  

it is suggested 

t o  slJpply an additional mass f o r  increasing the  specif ic  impulse. The sought 

Fig. 8 

? 
i 

Fig.9 

velzcit;~ ~.TZZI?E! depends cy? t.hp relat3ve value of the 

efficiency. A t  lower f l i g h t  velocity, the  supply of 

heat input 3 and t h e  d i f fuser  

an additional mass can be 

17 



j u s t i f i ed  b? the desire  to increase the absolute thrust  of the  ecgine, by the 

need to  lower t h e  gas temperature i n  t h e  cornbustion chamber, and by problems of 

cooling: t h e  eng-he components. 

t ion  pressurizing of iiie engine and €or other purposes. 

The additional mass can be supplied f o r  injec- 

A t  an inf ini te  increase i n  1hch nmber, lim g e x t r  = 0. 

Since the  function G s x t r  = b e x t r ( M )  twice becomes equal t o  zero, we can 

establ ish tha t  it has a m a x h x n  and can thus determine i t s  value as w e l l  as the 

value of the Yach number a t  which this maximum i s  realized. 
- 

For e A q l e ,  for Q = 16.4. and o = ol, we find b e x t r  = 0.7 kg per  kilogram 

m of' air and M = 50. 

Consequently, i n  t he  en t i r e  range of 0 < If < =, f o r  values of 5 = 16.4 and 

o = a,, t he  maximal quantity of additional mass supplied t o  increase the specific 

impulse does not exceed 0.7 kg/kg of air. 

The exception t o  this rule i s  the case i n  whdch the increase i n  the flow 

rate of t h e  additional mass causes a change i n  t he  quantity ?&or an increase in 

the  gas pressure in t he  combustion chamber ( inject ion pressurizing, operation of 

an aircbreathing j e t  engine with a fixed-area nozzle &th  a;l oversize c r i t i c a l  

throat  section) . 
Figures 8 and 9 show the dependence on the Kach number and q ro f  the  value 

of 6, t r ,  realizing the  maximum of the  function I(6) f o r  various types of dif- 

fusers. 

crease h the  pressure coefficient of the diffuser, the maximum of the function 

d e x t r  (14) shifts t o  larger  $1 values so that, i n  this case, the value of ( 6 s x t r  ),ax 

decreases . 

The slope of the  curves i n  these diagrams indicates that ,  n i t h  an in- 

/171 i~ilstra;tes the dGi;G2&.Ece of 4.1,- 
,,: c: - :-..1-.. -... Ah,. 

bLIG q J G G A L J - G  U y ~ a c  VI1 IrllG 

amount of substances supplied per  kilogram of air i n  the  combustion chamber. 
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Thus, the  results of a calculation performed by an approximation method, 

with the  above assumptions, showed tha t  t h e  investigated engine Kith a normal- 

shock d i f fuser  a t  f l i g h t  ve loc i t ies  corresponding t o  W = 30 - 40 has a spec i f ic  

h p u l s e  of the  same order as modern liquid-fuel rocket engines, d i f fe r ing  from 

them by l a rge r  s ize  and weight; however, in the  case of developing a d i f fuser  

with an appreciably greater pi-eus-ure c ~ e f f i c i s r i t  

the  engine i n  this veloci ty  range may have an impulse on the  order of 

t h e  nczzd-sheck ciAffuser, 



500 - 600 kg sec/kg. 

%.th an increase in f l i g h t  velocity, t he  . d u e  of the specif ic  impulse of 

t he  investigated engine substant ia l ly  increases and, a t  I< = 50, approaches 

600 kg sec/kg. 

These values of t he  spec i f ic  impulse appreciably exceed t h e  values which 

current notions assign t o  prospective Liquid-fuel rocket engines. 

T h i s  conclusion indicates  t h e  advisabi l i ty  of investigating and perfecting 

airscoops intended f o r  use a t  f l i g h t  ve loc i t ies  of the  order of the first-to- 

tl.;ird cosmic ve loc i t ies  ( o r b i t a l  velocity, escape veloci t r ,  and escape velocity 

from the  so l a r  system). 

The high value of t h e  spec i f ic  impulse of the  investigated engine a t  f l i g h t  

ve loc i t ies  exceeding the  escape velocity (including those with a n o d - s h o c k  

air in+&e) makes it expedient to  examine the  possibility of using such engines 

5-n t he  upper atmosphere, f o r  accelerating t o  a velocity of V = 15 - 18 W s e c  

any spacecraft intended f o r  o r b i t s  of far-out planets  o r  vehicles t h a t  r e w r e  

such ve loc i t ies  f o r  other  purposes ( t o  reduce flyby time). 

6. Conclusions 

1. An a ipb rea th ing  j e t  engine i n  which heat and an addi t ional  mass i s  

supplied t o  the f low i s  able  to develop a pos i t ive  thrus t  at  s p a c e f l i g h t  veloci- 

t ies 

2. I r revers ib le  k ine t ic  energy losses  i n  the  d i f fuser  of the  a iFbrea th ing  

j e t  monotorical l .  increase with increasing f l i g h t  veloci ty  and, i n  the  case of 

a normal shock a t  o r b i t a l  velocity, reach an order of magnitude of 4 X 

l0fi &.* &=v-er, LL b1lF - -- IWgLIIbUile - 4  I _-  of the  losses %+th r23I;cct tc t h e  

t o t a l  k ine t ic  energy of t he  air f low entering the  engine, having reached a maximum 



(25%) a t  a Xach number of K = 5, decreases with fur ther  increase i n  velocity 

and, at o r b i t a l  velocity, amounts to on&- 13% f o r  a n o d - s h o c k  diffuser. 

3. The supply of mass i s  equivalent t o  the  supply of heat n i t h  respect t o  

the value of erigbe thmst  pmduzed. 

an increase in f l i g h t  velocity ana, for exanrple, at  14 = 30 becomes equal t o  

lo-* kg/kcal. 

%,e ;;;ass e c p i - d e ~ t  of heat &creases ~ t i h  

~ 

4. The supply of an inert mass a t  Xach numbers exceeding 15 - 20 U i l l  lead 

both t o  an increase in absolute thrus t  and an increase in specif ic  impulse ( f o r  

a z o d - s h o c k  engine and at  Qc = 10 - 15). 
5. The optimal d u e  of the  quantity of mass supplied to  the airflow cor- 

respondjxg t o  the maximal specif ic  impulse varies with the f l i g h t  velocity. 

example, at  Qc = 15 f o r  an engine having a no..Pal-shock diffuser,  we have 

6,xtr  = 0.6 at I4 = 30, and b e x t r  = 0.7 at M = 4.0. 

For 
- 

6. The quantity G e x t r  has a ma)rimum, whose value and the  velocity a t  which 

i t  i s  yeached depend on the type of diffuser and on the  amourt of heat supplied 

(regardless of the amount of i n e r t  mass); f o r  example, at &E = 10 t h e  maximal 

- d u e  Will be E e x t r  = 0.8 (E = 3 5 ) ,  and,at & =  15, 6,xtr = 0.73 (K = SO) .  

- 

7. In the r a g e  of o r b i t a l  t o  escape velocity (K = 30 - 40) the  a h -  

breathing engine with a n o d - s h o c k  diffuser has a specif ic  impulse of the 

same order as that of modern liquid-fuel rocket enghes; f o r  a diffuser  whose /172 
presswe coefficier,t i s  t e n  times higher than t h a t  of a normal-shock diffuser  

( a t  1,; = LO 5, 

500 - 550 kg sec/kg. A t  a f l i gh t  velocity corresponding t o  H = 60, t h e  spe- 

c i f i c  impulse of an engine with the indicated diffusers  reaches 70C - 750 kg 

O.OOOO&), t h e  value of the specif ic  impulse increases to  

- sec/%g. 

8. All of the conclusions a re  v a l i d  f o r  a l t i tudes  a t  which the  airflow 
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entering t h e  engine can be considered a continuum. The gas f l o w  i n  the conbus- 

Lion chamber I s  taken as su-bsonic. 

neglectirig t h e  external drag of the engine nacelles.  

The engine thrus t  was irivestigated while 

Tne numericai values of cer ta in  quantit ies given i n  t'his paper are approxi- 

* mate, s ince they were obtairied on the  assumption of constancy of the  heat capaci- 

ty  of the  gas, complete expansion of the  gas in t he  nozzle, absence of losses  

d.Lrhg m k i r g  of the gases 

f o r  cooling, ar-cl absence of e n e r a  losses  due t o  Aissociation. 

t he  combustion chm3er, absence or" energy losses  
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